INTRODUCTION
============

Pulmonary fat embolism (PFE) usually occurs after major trauma-associated long-bone fractures ([@B1]); however, it has been only rarely reported in association with a wide variety of nontraumatic conditions, such as diabetes mellitus, burn, infection, neoplasm, sickle cell anemia and total hip or knee replacement ([@B2], [@B3]).

The pathophysiologic mechanism of PFE has been explained by the mechanical and biochemical theories. The mechanical theory postulates that triglyceride particles from the injured adipose tissue enter the circulation and then they obstruct the pulmonary vessels. However, the mechanical theory does not adequately explain the clinical presentation because PFE has been documented to happen in patients suffering with nontraumatic disorders ([@B4]). Thus, alternative mechanisms have been suggested. The biochemical theory implicates free fatty acid (FFA), proposing that local hydrolysis of a triglyceride emboli by intrapulmonary lipase, together with the excessive mobilization of FFA from the peripheral adipose tissue by stress hormones, results in toxic pulmonary concentrations of these acids ([@B5]). PFE has been suggested to alter the pulmonary hemodynamics and increase the pulmonary vascular permeability in a couple of clinical and experimental models ([@B6], [@B7]).

Experiments on a variety of animal models of acute lung injury by fat embolism with using triolein and FFA have focused on estimating the hemodynamic changes in the pulmonary vasculature ([@B8], [@B9]). However, to the best of our knowledge, few reports have presented descriptions of the radiologic findings, including the computed tomography (CT) findings, of the sequential changes in the experimental PFE models that have used FFA.

In our experimental study, PFE was induced by using linoleic acid, which is a kind of FFA that we used in order to mainly focus on the natural evolution of FFA and the role it plays in nontraumatic PFE. Following this, we analyze the CT and pathologic findings of the sequential changes of the experimental PFE using a FFA, and we correlated this with the CT and pathologic findings of experimentally induced PFE in rabbit lungs.

MATERIALS AND METHODS
=====================

Pilot study
-----------

Prior to the main experiment, 0.1 mL, 0.2 mL, 0.3 mL, and 0.5 mL of linoleic acid was injected into 5 rabbits, respectively, for the pilot study. The purpose of this pilot study was to test whether linoleic acid could lead PFE or not and to try to know the dose of linoleic acid for tracing to be able to cause acute lung injury. The results on the CT findings showed that after 2 hr, fat embolization could not be observed in the case of the 0.1 mL injection, while the changes on the CT findings after 2 hr of fat embolization were too broad in the cases of the 0.3 mL and 0.5 mL injections, and so these doses of linoleic acid were seemed inappropriate. The CT findings after 2 hr, day 1 and day 3 of fat embolization in the case of the 0.2 mL linoleic acid injection showed various changes for the image findings and the follow-up observations, the same changes as in patients with PFE, while the CT findings after 7 days of fat embolization showed signs of recovery. The observations of the pathologic histology at day 3 and day 7 of the fat embolization in rabbits showed large areas of fat embolism inside the blood vessels and various other pathologic findings. Thus, the 0.2 mL linoleic acid injection was evaluated as being appropriate for the study of the CT findings of PFE induced by FFA.

The animal model and embolization with fat emulsion
---------------------------------------------------

All the procedures in this study were conducted under the approval of the animal research committee at the institution where the study was conducted, and the experiments were performed according to the institutional guidelines under sterile conditions at room temperature unless otherwise noted.

Twenty-four adults New Zealand white rabbits that weighed between 3.0 and 3.5 kg each were used for the experiments. All the operations were performed using sterile technique with intramuscular injections of ketamine hydrochloride (Ketalar®; Yuhan Yanghang, Seoul, Korea; 1.0 mL/kg) and xylazine hydrochloride (Rumpun®; Bayer Korea, Seoul, Korea; 0.3 mL/kg).

In 24 rabbits, PFE was induced by intravenous injection through the ear vein with a 1-mL syringe loaded with 0.2 mL dose of linoleic acid (cis-9, cis-12- octadecadienoic acid, 99% purity; Sigma, St. Louis, MO, U.S.A.). After the injection of linoleic acid, 6 mL of normal saline was infused with a 10 mL syringe.

CT scan
-------

Preliminary CTs were performed for all rabbits before the injection of linoleic acid and the CT results were used as the reference data based on which the statements regarding the abnormalities of the lungs were made. To create the models of PFE at different stages, the rabbits were divided into four groups of six rabbits each, and CT scans were then performed: groups I-IV (n=24) underwent CT scans after 2 hr, groups II-IV (n=18) underwent CT scans after 1 day, groups III-IV (n=12) underwent CT scans after 3 days, and group IV (n=6) underwent CT scans after 7 days.

The CT scans were performed with a 16 channel multidetector CT (Somatom sensation 16; Siemens Medical systems, Erlangen, Germany) using 120 mAs, 120 kvP and 0.75 mm collimation. The anesthetic regimen for the CT scan was the same as for the fat embolization. After anesthesia, the rabbits were fixed in the prone position. CT data were constructed using a high-spatial-frequency algorithm and B 60s kernel. The data were reconstructed with a 1.0 mm section thickness for the axial scans and with a 2.0 mm section thickness for the coronal scans with a 12 cm field of view. The scan data were displayed directly on two monitors of a picture archiving and communication system (PACS). Both the mediastinal (window width, 450 HU; window level, 35 HU) and the lung (window width, 1,500 HU; window level, -700 HU) window scans could be viewed.

Analysis of CT images
---------------------

Two chest radiologists reviewed the CT scans on the PACS by working in consensus. The pattern, distribution and extent of the pulmonary abnormalities were analyzed. The patterns were classified as areas of decreased attenuation, ground-glass opacity (GGO), consolidation, nodule and linear or reticular density. When more than one CT pattern was seen, the predominant pattern and the other CT patterns were described. Areas of decreased attenuation were defined as areas of low density comparing with the adjacent lung tissue. GGO was defined as areas of increased attenuation without obscuration of the underlying vascular markings. Consolidation was considered present when the opacities obscured the underlying vessels. A nodule was considered present when an increased density with a discrete margin was seen. Linear or reticular density was considered present when there was any linear density with an irregular thickness of 1-3 mm was seen.

The anatomic distribution was noted to be peripheral or subpleural if a predominance of abnormality was seen in the outer third of the lung; the anatomic distribution was central if most of the abnormalities were in the inner third of the lung, and the anatomic distribution was peribronchial if a predominance of abnormalities occurred along the bronchovascular bundle and the anatomic distribution was random if no predominance of the abnormalities was observed. The zonal predominance was assessed as upper, lower or diffuse. Upper lung zone predominance was defined as when the abnormalities were above the level of the tracheal carina, and lower zone predominance was defined as when the abnormalities were below that level.

The extent of disease was determined by both observers visually estimating the percentage of the abnormal lung to the nearest 5% according to each pattern of pulmonary abnormality

Pathologic examination
----------------------

After the last follow-up CT scans were performed, each corresponding group of rabbits was sacrificed (e.g. group I after 2 hr, group II after 1 day, group III after 3 days and group IV after 7 days) with an intravenous injection of 6-8 cc of thiopental sodium (Pentothal®; Choong Wae Pharmacy, Seoul, Korea), and the isolated lungs were immediately removed using Radil standard operating procedure for formalin inflation of lungs. Then a radiologist and a pathologist compared the CT results for the axial plane correlated with coronal reconstruction images of upper, mid, lower portion lungs and those for the parts where lung injuries were induced to obtain specimen with dissection. They were then fixed with 10% neutral formalin and embedded in paraffin block. They were cut into 5-µm sections and stained with hematoxylin and eosin (H&E) and oil red O for semiquantification of the fat globules. For the cases showing fat globules, the globules were detected as having distinctive pinkish-red staining.

The pathologic findings were examined by two pathologists with respect to the presence of intravascular or extravascular fat globules, and for the presence and the degree of pulmonary parenchymal changes in comparison with relatively normal lung.

Correlation between the pathologic findings and the CT findings in the same axial plane was determined by two radiologists and two pathologists all working in consensus.

Statistical analysis
--------------------

Statistical analysis was performed by using SAS soft ware (SAS Proc Mixed for windows, release 9.1; SAS Institute, Cary, NC, U.S.A.). Differences in the incidence of the CT patterns between the four groups were compared by using Fisher\'s exact test. Also the differences in the distribution of the CT patterns and disease extent between the four groups were compared by using chi-square test or Fisher\'s exact test. *p* values of less than 0.05 were considered to indicate statistically significant differences.

RESULTS
=======

CT findings
-----------

The PFE in the rabbits displayed CT and pathologic findings that varied with the passage of time. The CT findings are summarized in [Table 1](#T1){ref-type="table"}.

At 2 hr after fat embolization in 24 rabbits ([Fig. 1A](#F1){ref-type="fig"}, [2A](#F2){ref-type="fig"}, [3A](#F3){ref-type="fig"}, and [4A](#F4){ref-type="fig"}), GGOs were seen in all 24 cases and consolidations were present in 14 cases. The areas of GGO and consolidation had a subpleural distribution and they had a predominate distribution in the lower part of the lung. Nodules were observed in 16 cases and they were predominate in the upper part of the lung, and they also displayed a subpleural distribution. In 6 cases, the areas of decreased attenuation were seen at the peripheral lungs ([Fig. 1B](#F1){ref-type="fig"}).

At day 1 after fat embolization in 18 rabbits ([Fig. 2B](#F2){ref-type="fig"}), the GGOs were seen in 17 of 18 cases, and consolidations were present in 16 cases. Nodules were observed in 13 of 16 cases. The areas of decreased attenuation were seen in 2 cases.

At day 3 after fat embolization in 12 rabbits ([Fig. 3B](#F3){ref-type="fig"}), GGOs were seen in eleven of 12 cases. Consolidations were present in all 12 cases. Nodules were observed in nine of 12 cases. Linear densities were seen in three of 12 cases and they were predominate in the lower part of the lung, and they had a subpleural distribution.

At day 7 after fat emolization in 6 rabbits ([Fig. 4B](#F4){ref-type="fig"}), GGO and nodule were noted in each 1 case, and consolidations were seen in 2 cases. Linear densities were present in all 6 cases and this had a subpleural distribution. In 3 cases, the linear density had a distribution in the lower part of the lung, while in the three cases, it had a distribution in the upper part of the lung.

A change of the incidence of GGO, consolidation, nodule and linear density was significantly different in the four groups as time progressed (Fisher\'s exact probability test; *p*\<0.05), but the areas of decreased attenuation were not significantly different in the four groups ([Table 1](#T1){ref-type="table"}). Also a change of the distribution of CT patterns was not significantly different in the four groups.

The extent of the GGO, consolidation and nodule ([Fig. 5](#F5){ref-type="fig"}) gradually increased with time until 3 days, and these findings decreased at day 7. On the contrary, linear density showed its largest extent on day 7. However, a change of the extent of these all findings was not significantly different in the four groups (*p*\>0.05).

Histopathologic findings
------------------------

PFE developed in all twenty-four cases. Sequential pathologic changes were summarized in [Table 2](#T2){ref-type="table"}.

At 2 hr after fat embolization, pulmonary vasoconstriction in comparison with relatively normal lung and wedge-shaped ischemic necrosis were seen in the subpleural lungs, and mild congestion was seen in the interstitium ([Fig. 1C](#F1){ref-type="fig"}). The vessels were occluded by homogeneous pinkish or red-colored materials that were positive for oil red O stain ([Fig. 1D](#F1){ref-type="fig"}).

At day 1 after fat embolization, congestion and edema in the interstitium were seen, and the infarctions in the subpleural lungs were more severely aggravated than for the findings at 2 hr after fat embolization ([Fig. 2C](#F2){ref-type="fig"}). The perivascular space was infiltrated with inflammatory cells and inflammation of the alveolar wall was noted.

At day 3 after fat embolization, the gross specimen displayed patchy areas of reddish and brownish discoloration on the surface of the subpleural lungs ([Fig. 3C](#F3){ref-type="fig"}). Microscopically, distortion and remodeling of the vessel walls and intraarterial necrosis were visible in the sections stained with H & E. Increasing infarction in the subpleural lungs was observed and hemorrhagic edema was also detected ([Fig. 3D](#F3){ref-type="fig"}). Extensive inflammation between the infarction area and the normal lung was seen. Extravasation of the fat globules into the alveolar space or the interstitium was present in the sections stained with oil red O ([Fig. 3E](#F3){ref-type="fig"}).

At day 7 after fat embolization, the gross specimens showed resolution of the patchy areas of reddish and brownish discoloration on the surface in the subpleural lungs ([Fig. 4C](#F4){ref-type="fig"}). Microscopically, the active inflammation and hemorrhage had disappeared, but subtle alveolar wall congestion was still seen ([Fig. 4D](#F4){ref-type="fig"}). Also, hyperplasia of the type II pneumocytes and the multinucleated giant cells were visible, and interstitial fibrosis and pleural contraction were revealed. Histiocytes that had ingested fat globules were present in the sections stained with oil red O ([Fig. 4E](#F4){ref-type="fig"}).

CT-histopathologic correlation
------------------------------

The findings on the CT-pathologic correlation are summarized in [Table 3](#T3){ref-type="table"}.

For the CT-pathology correlation, the corresponding findings were as follows: GGO on the CTs correlated with the congestion in the interstitium, and the wedge-shaped infarction in the subpleural areas correlated with the nodule seen on the CTs at 2 hr. Also areas of decreased attenuation in the subpleural lungs correlated with pulmonary vasoconstriction at 2 hr. GGO and consolidation on CT at day 1, correlated with the congestion and edema, and these findings on the CTs at day 3 were correlated with the inflammation and the hemorrhagic edema. Linear densities in the subpleural lungs correlated with the interstitial fibrosis and the pleural contraction at day 7.

DISCUSSION
==========

The pathophysiology of PFE is controversial in regards to the origin of the fat droplets that reach the lungs and the mechanism of lung injury from these fat droplets. Many investigators have tried to establish a PFE animal model ([@B6], [@B10], [@B11]). To date, the tissue damage is believed to be the result of a combination of the mechanical and biochemical effects of the fat ([@B1], [@B12], [@B13]). Although the debate continues about the pathogenesis of fat embolism, we would agree that PFE is likely caused by the combination of fat deposition in the pulmonary microvasculature and the effects of FFA on the alveolocapillary membrane. Certainly, the occurrence of nontraumatic PFE supports the biochemical mechanism ([@B14]). FFAs of an oleic, linoleic, stearic or palmitic acid are normally produced upon the hydrolysis of neutral fat by the lipases that are present in fat deposits. Linoleic acid is an important constituent acid in human fat and the toxicity effect of linoleic acid was thought to the same as the effect in the animal experiments that infused the oleic acid, which was another kind of FFA. Therefore, we induced fat embolization by using linoleic acid, which is a kind of FFA, in order to mainly focus on the natural evolution of FFA in the nontraumatic PFE in our experimental study. The dose of linoleic acid was decided upon by conducting a pilot study, and we also based our decision on the results from the study by Baker et al. ([@B11]), in which PFE was induced in dogs by using oleic acid (0.07 mL/kg).

According to Arakawa et al. ([@B15]), the CT findings of PFE included areas of consolidation or GGO and nodules in all 6 patients, and these were predominantly found in the upper lobes of the lungs. However, that study did not include the pathologic material for obtaining correlation with the CT findings. In another study reported by Malagari et al. ([@B16]), the high-resolution CT findings of mild PFE in nine patients consisted of bilateral GGOs in seven patients and interlobular septal thickenings in five patients. However, the findings in that study were also not proved with a pathologic examination. In our study, PFE was induced by injecting linoleic acid through the intravenous route in all 24 rabbits. The CT findings consisted of bilateral GGOs, consolidation and nodule, and these findings are similar to those described in the previous clinical reports on this condition.

The findings of PFE at 2 hr after fat embolization were areas of decreased attenuation, GGO, consolidation, and nodule with mostly subpleural locations. The pathologic findings at 2 hr after fat embolization were intravascular fat globules. Also, the GGO on the CT were correlated with the congestion in the intersititum. These findings were consistent with the results reported by Derks et al. ([@B17]), in which the pathological findings in the lungs of the dogs sacrificed at 1 hr after oleic acid injection were capillary congestion and mild interstitial edema. According to Park et al. ([@B18]), the areas of decreased attenuation as an early finding of PFE was observed in most cases, but this was observed only in 25% of the cases of our study. This was considered as being caused by occlusion that was due to capillary embolization, the reduction in the blood circulation due to the pulmonary vasospasm induced by hypoxia, or by the air that was trapped due to bronchospasm.

The GGO, consolidation and nodule were more aggravated on the follow-up CT scan at day 1 and day 3 after fat embolization. The GGO and consolidation on the CT after 1 day, correlated with the congestion and edema, and these findings on the CT after 3 days were correlated with the inflammation and hemorrhagic edema. In particular, hemorrhagic edema was a characteristic finding at day 3, and it is known to be a secondary phenomenon that is due to endothelial vasculitis and leaky vessel syndrome from the toxicity of the FFA ([@B19], [@B20]). In this study, it was directly observed that the fat globules were seen not only inside the small blood vessels, but they were also seen in the interstitium and alveolar space. Follow-up CT revealed near resolution of GGO, consolidation, and nodule, but linear densities on the subpleural lungs were observed after 7 days. In our experimental study that targeted a rabbit, interstitial fibrosis and pleural contraction at day 7 were observed on the pathologic findings, though this did not exactly match the interlobular septal thickening that is seen in a human. The linear density in the subpleural lungs correlated with the interstitial fibrosis and pleural contraction that was seen on the pathologic findings. This was consistent with the previous reports in which the PFE was improved at between 2 days and 14 days (average: 7 days) ([@B21]). In this study, various CT findings were improved after 7 days on the follow-up observation, but adult respiratory distress syndrome can develop in serious cases, according to the literature ([@B3]).

Even if there are clinical symptoms of PFE, radiographic changes have been known to appear 2 to 3 days later after the embolic event. On the sequential examinations, the radiographic findings return to normal after 2 days to 2 wks, with an average resolution time of 1 week ([@B3]). Our study is concordant with previously reported sequential changes.

In this study, GGO, consolidation, and nodules tended to be observed mainly in the subpleural lungs, and GGO and consolidation were distributed in the lower part of the lung, while the nodule was distributed in the upper part of the lung, but these observations were not statistically different. Previous studies showed that the pathology of PFE tended to be localized with various distributions, which was probably due to the irregular distribution of the fat embolization ([@B19], [@B22]). According to Arakawa et al. ([@B15]), the CT findings of PFE were predominantly found in the upper lobes of the lungs. Another report showed the tendency to be distributed in the lower lungs and this was explained by the hemodynamics such as the distribution of the blood flow through the inferior vena cava into the lower lobes ([@B21]). However, in this study, the fat was introduced from the ear vein through the superior vena cava; thus, this may become one reason to be different from the distribution of PFE observed in humans after a long bone fracture or a soft tissue injury.

There were a few limitations in this study. First, experimental pulmonary fat embolism is induced by use of linoleic acid, which has been not used in previous studies. However, the decision to use it was made after sufficient consideration in the pilot study. Second, the number of experimental subjects was too small to represent CT findings according to a time course and according to the changes in the pathologic findings. Third, the classical diagnosis of PFE follows the major and supplementary diagnostic criteria of the clinical symptoms and the laboratory findings ([@B23]). According to these criteria, it was not clear whether or not PFE was artificially induced in the experiment. However, it was histopathologically proved that the occlusion of the pulmonary vessels and the alveolar inflammation were caused by fat embolism. Thus, this study is considered to be useful for the investigation of the CT findings of PFE and for the related studies on the histopathological findings.

In conclusion, PFE was caused by using linoleic acid, which is kind of FFA, in all rabbits and as for our study, presentation can become one model of the occurrence of nontraumatic PFE. CT accurately depicted the natural evolution of the pulmonary fat embolism on serial follow-up, and this correlated well with the pathologic findings. Furthermore, changes of lung parenchyma by the toxicity of free fatty acid could serve as the basic data for not only studies on the mechanical theory, but also for studies on the biochemical theory and on the pathogenesis of PFE.

Experimental pulmonary fat embolism was induced by free fatty acids and CT findings were observed over the course of time. In many cases, it is difficult to discern abnormal CT findings of patients with no clinical trauma ([@B14]) or mild trauma, and consequently, it is easy to overlook pulmonary fat embolism. This study may explain possibilities of diseases observed by patients by understanding the natural courses and CT findings of pulmonary fat embolism; and may suggest good prognoses. Furthermore, based on the findings of the experiment, broader studies on pulmonary fat embolism will be possible.
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![CT and pathologic findings of 2 hr (group I) after fat embolization in a rabbit. **(A, B)** CT scan shows the bilateral ground glass opacity and nodules (arrows) in the subpleural lungs and the areas of decreased attenuation (arrowheads) in the peripheral lung. **(C)** Photomicrograph shows wedge shaped ischemic necrosis in the subpleural lungs (arrowheads) and mild congestion in the interstitium (H&E stain, × 40). **(D)** Oil red O stain ( × 400) shows the intravascular fat globule with homogeneous pinkish-colored materials (arrow).](jkms-23-691-g001){#F1}

![CT and pathologic findings of sequential changes at 2 hr and day 1 (group II) after embolization in a rabbit. **(A)** CT scan obtained 2 hr after embolization shows bilateral multifocal ground glass opacities and consolidations. **(B)** CT scan obtained day 1 after embolization shows more aggravation of the distribution and the extent of the ground glass opacities and consolidations. **(C)** Photomicrograph shows the more extensive geographic infarction in the subpleural lungs and prominent congestion and edema (arrowheads) in the interstitium (H&E stain, × 40).](jkms-23-691-g002){#F2}

![CT and pathologic findings of sequential changes at 2 hr, day 1 and day 3 (group III) after fat embolization in a rabbit. **(A)** The CT scan obtained 2 hr after embolization shows GGO, patchy consoliodations and nodules in the subpleural lungs. **(B)** The CT findings are more extensive and aggravated at day 3. **(C)** The gross specimen represents the patchy areas of reddish and brownish discoloration of the surface in the subpleural lungs, and this was correlated with the alveolar hemorrhage and inflammation that was seen microscopically. **(D)** Photomicrograph shows more extensive inflammation (arrow) with hemorrhage and necrosis (arrowheads) in the interstitium (H&E stain, × 40). **(E)** Oil red O stain ( × 400) shows extravasated fat globules in the alveolar space or interstitium (arrow) with homogeneous pinkish-colored materials.](jkms-23-691-g003){#F3}

![CT and pathologic findings of sequential changes at 2 hr, day 1, day 3, and day 7 (group IV) after fat embolization in a rabbit. **(A)** The CT scan obtained 2 hr after embolization shows focal GGO at the subpleural lungs. **(B)** The CT scan obtained at day 7 after embolization shows resolution of the parenchymal abnormalities and the linear density (arrowheads) in the subpleural lungs. **(C)** The gross specimen represents the nearly complete resolution of patchy areas of reddish and brownish discoloration of the surface in the subpleural lungs. **(D)** The photomicrograph shows cord-like fibrosis of the interstitium (arrow) and pleural contraction (H&E stain, × 40). **(E)** Oil red O stain ( × 400) shows histiocytes with ingestion of fat globules.](jkms-23-691-g004){#F4}

![Extent of parenchymal abnormality on CT scan of sequential changes after fat embolization in rabbit Lung.](jkms-23-691-g005){#F5}
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CT findings of sequential changes after fat embolization in rabbit lung
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A change of the incidence of ground glass opacity, consolidation, nodule and linear density was significantly different in the four groups as time progressed (Fisher\'s exact probability test; *p*\<0.05), but areas of decreased attenuation were not significantly different in the four groups.
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Pathologic findings of sequential changes after fat embolization in rabbit lung
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CT-pathology correlation of sequential changes after fat embolization in rabbit lung
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